Left ventricular function was studied in 1 7patients with ischaemic heart disease and compared with 4 patients with normal left ventricularfunction. The patients in the homogeneous group of ischaemic heart disease were further subdivided into those 'without angina' (n=5) and those 'with angina' (n= 12), depending upon the presence of angina during supine leg exercise at the time of definitive study. At rest there was no significant difference in the heart rate, cardiac output, stroke volume, and left ventricular end-diastolic pressure (LVEDP) in the three groups. During exercise the cardiac output and stroke volume were significantly depressed and LVEDP was significantly raised in the ischaemic heart disease group as a whole but within this group failed to show any significant difference in patients zwith and without angina. The left ventricular end-diastolic volume (LVEDV) and end-systolic volume (LVESV) measurements showed clear separation of these three groups only on exercise. On exercise, there was decrease in LVEDV and LVESV (P <0405; P <0 02) in the group with normal left ventricular function, no change in the group with ischaemic heart disease without angina, and striking increase in LVEDV and LVESV in the group with ischaemic heart disease and angina (P <0.01 and P <0 02, respectively). This angiographic method ofassessing left ventricularfunction shows clear separation of the three groups and also highlights the significance ofangina. Ejection fraction (EF), a commonly measured parameter of left ventricular function, failed to reflect consistent changes on exercise as compared to values at rest which emphasizes the limitations of the measurement of ejection fraction at rest.
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Coronary artery bypass surgery in patients with 1970). Hence, evaluation of left ventricular function ischaemic heart disease is expected to prevent in patients with ischaemic heart disease under stress myocardial ischaemia and to increase or restore is important. The following study was designed to coronary blood flow to the underperfused areas, assess ventricular function and pressure/volume thereby improving left ventricular function. But changes during the physiological stress of exercise there are many reports indicating that the improve-in patients with ischaemic heart disease who were ment in ventricular function studied at rest has not being investigated for consideration of coronary been shown to be consistent with the symptomatic artery bypass surgery. relief achieved by the surgical treatment (Achuff et al., 1972; Miller et al., 1972; Bourassa et al., 1972; Shepherd et al., 1974) . Probably one of the main reasons is that left ventricular function in coronary Subjects and methods artery disease at rest is often within the normal Patients range and, therefore, does not allow an accurate Seventeen male patients with ischaemic heart disease were definition of the functional reserve (Roskamm et al., studied for consideration of coronary artery bypass graft tension, or diabetes. A reliable and definitive history of On the day of the study, selective coronary arteriomyocardial infarction was present in 8 patients; none graphy was performed first. Haemodynamic measurehad present or past evidence of heart failure. At the time ments at rest were followed by left ventriculography. of study, on clinical examination, a third heart sound Fifteen to twenty minutes were allowed to elapse for the was present in 1, and a fourth heart sound was audible return of circulatory changes to the pre-angiography in 6 patients. The resting 12-lead electrocardiogram was level. Patients were then exercised at the predetermined normal in 9 patients; definitive evidence of old myo-level until the onset of angina, or for a total period of cardial infarction was present in 7 patients (pathological six minutes. Haemodynamic measurements were Q wave and ST-T changes); non-specific ST-T changes repeated during the final 2 minutes of exercise and were present in the praecordial leads in 1 patient; left ventriculography was repeated immediately after definitive evidence of anterolateral infarction was found exercise: no time was allowed to elapse between the in 5, inferior infarction in 1, and combined anterior and conclusion of exercise and the injection of contrast inferior infarction in 1 patient. During treadmill exercise, medium into the left ventricle as the patients continued angina was provoked in all, associated with horizontal exercise during positioning for angiography in the right or downward sloping ST segment depression of 1 mm anterior oblique position. Cardiac output was measured or more in lead V5. This ST depression induced by in 11 patients by the Fick method during the rest period exercise, rapidly reverted back to the pre-exercise level and during the final 2 minutes of exercise. At the end with complete resolution of chest pain during recovery of the study, glyceryl trinitrate was given sublingually period. The chest radiograph was normal and the to all those patients who developed angina during cardiothoracic ratio was less than 50 per cent in all. exercise. None had received any drug other than nitroglycerin for 2 days before the study.
Four male patients, referred for su3pected heart Haemodymic methods disease, were also included. The haemodynamic investigations were an essential Stratham P32 strain gauge transducers. The manopart of the diagnostic procedure in each patient. The meters were calibrated over the range 0 to 80 and 0 to 20 purpose of the extension of the diagnostic investigations mmHg (0 to 10-6 kPa and 0 to 2-7 kPa) for the measureby exercise left ventriculography was explained to each ment of left ventricular systolic and left ventricular endpatient. The procedures involved were demonstrated diastolic pressures, respectively, which was arranged to during a rehearsal session and their possible significance span 10 cm on the recording paper; over this scale the in the understanding and treatment of angina were manometers were linear within 2 per cent; the maximum specifically discussed with each patient. The voluntary undamped natural frequency of the nylon catheter in nature of their co-operation was emphasized without the left ventricular pressure measurement was found to inducement (Medical Research Council Report, 1964 ; be 60 Hz, with damping ratio 0 5. The natural frequency Ormrod, 1968 [3] [4] [5] [6] . his breath in inspiration during filming. Left ventriculo-These patients were subgrouped as ischaemic heart grams were studied for abnormal left ventricular disease with angina. The other 5 patients with contraction by viewing; details of this method of assess-ischaemic heart disease developed neither angina ing dykinesia are given elsewhere (Sharma et al., 1975b) . nor ST depression during exercise at the time of the The measurement of left ventricular volumes was study and were subgrouped as ischaemic heart made at end-diastole and end-systole. During biplane filming simultaneous frames were identified by electronic disease without angtina. The four patents in the integration. Biplane filming was at a speed of 75 frames normal left ventricular function group had neither per second and single-plane recordings were made at angina nor ST depression during similar exercise. a speed of 48 frames per second, both on 35 mm films.
The values for volume measurements represent the Selective coronary angiography average mean of the first three beats during angiography.
Simultaneous measurement of left ventricular pres-In the normal left ventricular function group, the sures and volumes were made in 11 patients. In the rest coronary arteriograms were normal in all; there of the 10 patients, left ventricular pressures in the first were no obstructive significant lesions in the right 5 beats immediately before angiography were analysed. and left coronary arteries. In patients with ischaemic Left ventricular volumes were calculated by the semi-heart disease, significant lesions ( > 50% obstrucarea-length method by assuming that the left ventricular tion) of the left anterior descending artery were chamber can be represented as an ellipse (Kasser and found in 7 patients, and of the right coronary Kennedy, 1969) . The films were projected on a Vanguard analyser onto a screen. Chamber length and area artery in 1 patient; two-vessel disease of left anteior were determined by a cursor connected to an descending and right coronary artery in 2 patients; Olivetti 602 programmable calculator which transferred left anterior descending and left circumflex in 2 the area measurements by Simpson integration into patients, and left circumflex and right coronary volume measurement automatically. The magnification artery in 2 patients. Three-vessel disease was found factors were predetermined for film and heart height in one patient. The coronary artery lesions were combination; analysis showed that there was insignifi-comparable in both subgroups of ischaemic heart cant pin cushion distortion (J. Darman, 1974, personal disease, with 
LVEDV haemodynamic measurements were made before, Cardiac output (CO) = SV x heart rate during, and 2 minutes after the injection of radio-
The LVEDP wasmeasured at the nadir of the atrial opaque contrast medium. There was no significant wave just before the systolic contraction in the left change in the heart rate and left ventricular peak ventricular pressure curve. Electrocardiographic ST systolic (LVSP) and end-diastolic pressure measured depression in chest lead V5 was measured from the j just before and during ventriculography, either at point to the isoelectric line joining two consecutive PR rest or during exercise. But 2 minutes after angiointervals. graphy at rest there was a significance increase in Heart rate/min
Significance in difference relates to the preangio measurements at rest and during exercise: *P < 0-05; **P < 0-03; ***P < 0 01. 'Average mean of first 5 beats just before injection of radio-opaque contrast media into the left ventricle.
2Average mean of first 3 beats during injection. 3Average mean of 5 beats after 2 minutes of angiography. Conversion factor from Traditional to SI units: 1 mnHg g 04133 kPa.
LVEDP (P <001) and a decrease in LVSP lar contraction in patients with ischaemic heart (P <0*05). During left ventriculography on exercise disease. Good correlation exists between single there was no significant change in the heart rate or plane and biplane angiographic measurements LVEDP, but LVSP was significantly lower (Sandler et al., 1965;  (P <0*02) as compared to the preangiographic Herman and Bartle, 1968). Cardiac output measured values. These results indicate that radio-opaque at rest and during exercise by the angiographic contrast medium during the first three beats pro-method correlated well with cardiac output meaduces insignificant haemodynamic change. Thus, sured by the Fick method in 11 patients (correlation preangiographic haemodynamic measurement can coefficient = 0-922; Fig. 1 ). The cardiac outputs of be taken to represent haemodynamic changes 10 patients were derived from the volume measureduring angiography. Therefore, in the remainder of ments which have been shown to be extremely the 10 patients it was decided not to measure reliable (Dodge, Hay, and Sandler, 1962 patients with ischaemic heart disease with and Thus, haemodynamic values at rest in patients without angina; R-rest; Ex-exercise; P value with ischaemic heart disease were in no way any related to the significance between rest and exercise. remains the same in ischaemic heart disease withouit remains the same at rest in ischaemic heart disease angina, and increases considerably in ischaemic heart without angina, and increases in ischaemic heart disease with angina; NS=not significant. disease with angina.
group.bmj.com on January 27, 2018 -Published by http://heart.bmj.com/ Downloaded from Left ventricular angiography on exercise 65 heart disease with angina tended to be higher than R Ex R Ex R Ex in the other groups, but because of wide scatter this difference did not reach statistical significance. During exercise there was a 10 per cent decrease 90 in LVEDV in the normal left ventricular function 9 group (P <005), no significant change in the ischaemic heart disease group without angina, and / a 43 per cent increase in the ischaemic heart disease group with angina (P < 0 01), all being compared to the values at rest. Between the groups during o0 Z' 70-exercise the LVEDV was higher in the ischaemic u heart disease without angina (P <003) and ischaemic heart disease with angina (P <0'001) No anqina Anqina (P < 0 02), did not change in the ischaemic heart l disease group without angina, and showed a significant increase in ischaemic heart disease with FIG. 5 Effect of submaximal exercise on ejection angina (P <0.02) indicating insufficient emptying fraction. This study shows that ejection fraction at of the left ventricle in patients with ischaemic heart rest does not predict the state of left ventricular disease. There was a statistically significant function during exercise. difference in LVESV during exercise in the group with normal left ventricular function, those with ischaemic heart disease without angina, and those some patients having an ejection fraction less than with ischaemic heart disease with angina when these 50 per cent, indicating poor left ventricular function groups were compared with each other.
at rest, were found to increase ejection fraction above 50 per cent. On the other hand, the majority Ejection fraction of the patients in this group had an ejection fraction greater than 50 per cent and decreased their ejection This Si the conventional angiographic method fraction during exercise. All patients with new or of assessing left ventricular function. Ejection extended areas of dyskinesia and angina were found fraction did not differ significantly at rest in all to have a significantly depressed ejection fraction three groups. Though the average mean was lower (P < 005).
in patients with ischaemic heart disease with angina, it failed to reach statistically significant difference. During exercise the group Assessment of left ventricular function with normal left ventricular function increased The ejection fraction and LVEDV in the clinical their ejection fraction significantly as compared to situation represent the indirect evidence of myothe values at rest (P <0 03) and also when com-cardial fibre shortening and initial diastolic fibre pared with other groups (ischaemic heart disease length, respectively (Hamilton, Murray and without angina, P <0-02; ischaemic heart disease Kennedy, 1972) . A left ventricular function curve with angina, P < 0-001); within the ischaemic heart has been constructed by plotting ejection fraction disease group, patients with angina had lower against LVEDV (Fig. 7) . Data in patients with ejection fractions at rest than patients without normal left ventricular function showed good angina (P <0 05).
function during exercise with increase in ejection Ejection fraction failed to reflect consistent fraction and decrease in LVEDV. In patients with changes during exercise in the patients with ischaemic heart disease with angina, the increase in ischaemic heart disease with angina. In this group LVEDV was associated with a decrease in ejection fraction, but patients with ischaemic heart disease Discussion without angina showed a flat response (no change in either LVEDV or ejection) during exercise. On This study has confirmed that in ischaemic heart the basis of left ventricular function these 3 groups disease in the absence of myocardial ischaemia at have shown clear separation only on exercise.
rest, ventricular function can remain within the In order to assess the relation between systolic and normal range; exercise has been shown to unmask diastolic volume of the left ventricle, LVESV was the impairment of the left ventricular function as plotted against LVEDV. These volumes represent evidenced by the presence of abnormally raised the end results of systole and diastole, respectively LVEDP, depressed stroke volume, and cardiac (Fig, 8) (Kennedy et al., 1966; Miller and Swan, by plotting LVEDV and ejection fraction as indices Sanmarco and Bartle, 1964) . During supine of diastolic fibre length and systolic fibre shorteing, submaximal exercise there was a small decrease in respectively. The results in normal left ventricular LVEDV, a strking decrease in LVESV, and, function (top left), ischaemic heart disease without consequently a significant increase in ejection angina (middle), and ischaemic heart disease with fraction. A similar physiological response to angina (bottom right corner of the diagram), show exercise has been reported by others (Rushmer, indicates left ventricular dilatation during exercise-induced angina.
In patients with ischaemic heart disease the LVEDV may play a role in both the production haemodynamic and angiographic measurements at and amelioration of pain in patients with angina rest were not significantly different from normal pectoris (Parker et al., 1970) . subjects, which indicates that assessment of left
The question whether raised LVEDP during ventricular function at rest alone may be of only pain in patients with ischaemic heart disease is limited value for the management of such patients. associated mainly with loss of compliance or largely During exercise, the patients with ischaemic heart reflects ventricular dilatation, remains debatable. disease have been shown to respond differently. The This study supports the view that angina induced conventional methods of assessing the resting func-by exercise is accompanied by ventricular dilatation tion of the heart (cardiac output, stroke volume, (Fig. 9) , hence left ventricular failure, which is also and LVEDP) do separate patients with ischaemic supported by another study (Eubanks et al., 1970) . heart disease from those with normal function but The concept of loss of compliance emerges from fails to separate ischaemic patients with and the studies carried out by atrial pacing (Dwyer, without angina of effort. The deterioration in left 1970; Barry et al., 1974) . Though atrial pacing is a ventricular function, shown by volume measure-safe and useful technique for producing angina and ment on effort, clearly separates the angina group ST depression (Sowton et al., 1967) , it is by no from the group without angina, means physiological, for atrial pacing causes abrupt Though exercise in patients with ischaemic heart shortening of diastole and prevents adequate and disease is associated with abnormally raised LVEDP complete relaxation of the ventricle. Experimental and the symptoms of angina (Muller and R0rvik, evidence in dogs suggests that encroachment upon 1958; Wiener, Dwyer, and Cox, 1968;  Sharna and the diastolic period results in incomplete relaxation Taylor, 1970) , the precise significance of LVEDP which in turn leads to changes in diastolic complito the onset of exercise-induced angina is far from ance (Monroe and French, 1961; Mitchell, clear. It is apparent in this study, and shown by Linden, and Sarnoff, 1960;  Templeton, Ecker, others (Lichtlen, Baumann, and Albert, 1969) , that and Mitchell, 1972) so that results obtained by LVEDP can be raised during exercise irrespective atrial pacing are difficult to interpret in physioof angina in patients with ischaemic heart disease. logical terms. Before the onset of pain, the LVEDP frequently Traditionally, LVEDP is a widely used haemorises far earlier during the course of exercise and dynamic measurement for the evaluation of the left reaches a plateau, thus bearing no relation to ventricular function in clinical practice and thereangina (Lichtlen, 1971) . Furthermore, when fore deserves further comment in relation to LVEDP, one of the haemodynamic determinants ischaemic heart disease. The decision to carry out of myocardial oxygen consumption, was either revascularization surgery in ischaemic heart disease altered or controlled as discretely as possible with often depends on the LVEDP, yet there is a lack of the help of right atrial pacing, propranolol, phentol-positive correlation between LVEDP and postamine, and ouabain, and the effects of these changes operative results (Johnson and Lepley, 1970;  were observed on the onset and total duration of Chatterjee et al., 1971) . Furthermore, LVEDP has angina, there was no consistent relation between not been shown to be an absolute index of left the LVEDP and angina (Sharma, Majid, and Taylor, ventricular function (Chatterjee et al., 1971), and 1975a) . On the other hand, exercise left ventriculo-the present study has distinctly revealed that graphy and data on the ventricular volumes in this LVEDP may not necessarily reflect changes in study have defined the significance of angina. The LVEDV (Fig. 9) . The LVEDP should be regarded presence of angina was associated with an area of as a poor substitute for LVEDV (a measure of diaabnormal left ventricular contraction (dyskinesia) stolic fibre length) in constructing Frank Starling's related to major obstructions of the correspond-ventricular function curve in man. ing coronary artery (Sharma and Taylor, 1975) ;
Another widely accepted measure of left these dyskinetic segments were not present in ventricular function is the ejection fraction (EF). either the normal left ventricular function group Ejection fraction of 50 per cent or more is regarded or patients with ischaemic heart disease without as a normal ventricular response at rest. The angina (Sharma et al., 1975b) . Also in the presence limitation of ejection fraction at rest is clearly of angina of effort there were large increases in shown in this study (Fig. 5) . Ejection fraction LVESV and LVEDV. Eubanks et al. (1970) have measured at rest does not predict the response to also shown similar changes in the ventricular exercise in patients with ischaemic heart disease. volume during exercise-induced pain in patients In the group of patients with ischaemic heart with ischaemic heart disease. There is also sugges-disease and angina the majority of patients with an tive evidence that the magnitude of changes in ejection fraction of 50 per cent or more at rest have decreased their ejection fraction during exercise References and vice versa; this further highlights the limited Achuff, S., Conti, C. R., Brawley, R., Gott, V., Griffiths, L., value of the measurements at rest.
and Ross, R. (1972 A., and Ovenfors, C. 0. (1960) . Heart volumes functional cardiac reserve after coronary artery at rest and during muscular work in the supine and in the sitting position. Acta Medica Scandinavica, 167, 267. bypass surgery. It is our intention to restudy these Johnson, W. D., and Lepley, D., Jr. (1970 
